[1] The two large low shear velocity provinces (LLSVPs) at the base of the lower mantle are prominent features in all shear wave tomography models. Various lines of evidence suggest that the LLSVPs are thermochemical and are stable on the order of hundreds of million years. Hot spots and large igneous province eruption sites tend to cluster around the edges of LLSVPs. With 3-D global spherical dynamic models, we investigate the location of plumes and lateral movement of chemical structures, which are composed of dense, high bulk modulus material. With reasonable values of bulk modulus and density anomalies, we find that the anomalous material forms dome-like structures with steep edges, which can survive for billions of years before being entrained. We find that more plumes occur near the edges, rather than on top, of the chemical domes. Moreover, plumes near the edges of domes have higher temperatures than those atop the domes. We find that the location of the downwelling region (subduction) controls the direction and speed of the lateral movement of domes. Domes tend to move away from subduction zones. The domes could remain relatively stationary when distant from subduction but would migrate rapidly when a new subduction zone initiates above. Generally, we find that a segment of a dome edge can be stationary for 200 million years, while other segments have rapid lateral movement. In the presence of time-dependent subduction, the computations suggest that maintaining the lateral fixity of the LLSVPs at the core-mantle boundary for longer than hundreds of million years is a challenge.
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Introduction
[2] The two large low shear velocity provinces (LLSVPs) at the base of lower mantle are prominent features in shear wave tomography models [Masters et al., 2000; Romanowicz, 2003] . LLSVPs cover about 20% of the core-mantle boundary (CMB) by area [Burke et al., 2008] and have high elevation, extending at least 500 km above the CMB [Ni et al., 2002; He and Wen, 2009] . The shear wave velocity anomaly and bulk sound velocity anomaly of the LLSVPs are anticorrelated [Masters et al., 2000; Ishii and Tromp, 2004] . Sharp transitions in shear wave velocity occur across the LLSVPs boundary [Wen, 2001; Ni et al., 2002] . These observations suggest that the LLSVPs have a significant change in chemical composition compared to ambient mantle. The reconstructed eruption sites of large igneous provinces (LIPs) over past 200 million years (Myr) [Burke and Torsvik, 2004] and of Kimberlites over past 540 Myr [Torsvik et al., 2010] spatially coincide with the present-day edges of LLSVPs. These observations suggest that (1) the LLSVPs are not short-term transient structures, but long-term stable ones and (2) the LLSVPs have no significant lateral drift over the past 200 Myr or longer. Moreover, if the LLSVPs are the source reservoir of the DUPAL geochemical anomaly [Wen, 2006] , they must be older than 1-2 billion years (Gyr) [Hofmann, 1997] .
[3] The stability of dense chemical structures against entrainment at the base of mantle has been extensively studied [Tan and Gurnis, 2007, and references therein] . The stability of the dense chemical structures is mainly controlled by the balance between net buoyancy (thermal and chemical effects combined) and plume-induced entrainment that tends to erode the chemical structures over time [Sleep et al., 1988; Davaille, 1999; Jellinek and Manga, 2002; Gonnermann et al., 2002; Zhong and Hager, 2003; Nakagawa and Tackley, 2004; Huang, 2008] . A net negative buoyancy of ∼1% for the dense chemical structures may be needed for the structure to survive for 4.5 Gyr of the Earth's history, if the chemical density anomaly is constant with depth [Zhong and Hager, 2003] . One the other hand, such large net negative buoyancy will give the chemical structures a ridge-like shape in a vertical cross section and, more importantly, low elevation. Reconciling the observed high elevation of LLSVPs and the conceived longevity is difficult in dynamic models [Ni et al., 2002] . Recently, it has been demonstrated in 2-D Cartesian models that if a different equation of state (EOS), from anomalous material with high bulk modulus and large density, is applied to the chemical structure, both high elevation and longevity can be achieved over wide range of parameters [Tan and Gurnis, 2005] . In this study, we will extend the EOS concept of high bulk modulus material to 3D spherical models, and explore its effects on the location and lateral movement of plumes and LLSVPs.
[4] The locations of hot spots, when projected down to the lowermost mantle, tend to cluster around the edges of LLSVPs, where the shear wave velocity gradient is the largest [Thorne et al., 2004; Torsvik et al., 2006] . In isochemical models, plume roots commonly locate near the edges of slabs [Lenardic and Kaula, 1994; Lowman and Jarvis, 1996; Tan et al., 2002] , which have strong lateral temperature gradients at the CMB. However, in thermochemical models, plumes are more likely to root on crests of the chemical anomalies McNamara and Zhong, 2005; Deschamps and Tackley, 2009] . In these models, the chemical anomalies form ridge-like structure with shallow slope toward the crest (Figure 1a ). Warm mantle material rises along the slope and takes off as plumes at the ridge crests. In a map view, the plumes (and hot spots) would be within, rather than on the edges, of the chemical anomaly (Figure 1b) . Consequently, plumes do not cluster around the edges of chemical structures in most thermochemical models.
[5] The lateral movement of hot spots and LLSVPs is another interesting topic. The reconstructed eruption sites of LIPs [Burke and Torsvik, 2004] and Kimberlites [Torsvik et al., 2010] spatially coincide with the present-day edges of LLSVPs at the CMB. These observations pose one important question. Are the LLSVPs stationary at CMB without significant lateral movement for the last 500 Myr or so? McNamara and Zhong [2004] found that mantle downwellings upon reaching the CMB tend to push around the chemical structures. Furthermore, McNamara and Zhong [2005] found that subduction history for the last 120 Myr plays an important role in organizing the LLSVPs to the present-day location. The question arises when it comes to whether it is possible to reconcile the observation of LIP eruption sites, which seems to be stationary relative to the edge of LLSVPs, with the general characteristic of dynamic models, which show the movement of LLSVPs due to the pushing effects of subduction.
[6] The presented study uses compressible convection models in 3-D spherical shell geometry, and represents one of the first studies on compressible convection with variable viscosity and material properties in such geometry. We will present a set of thermochemical models where the chemical structures survive entrainment for billions of years, with the top extending more than 500 km above CMB, and with plumes forming around the edges. Essentially, the material of chemical structure has a different EOS than the ambient mantle, due to higher bulk modulus and density. We observe the spatial correlation of plumes with the edges of chemical structures in the models. We also investigate the lateral movement of the chemical structures, especially how long they can remain stationary in one location, and try to reconcile the lateral movement with the proposed stationary from reconstructed LIP and Kimberlite eruption sites. [7] We used the mantle convection code CitcomS v3.1 Tan et al., 2006 Tan et al., , 2010 with one modification: the chemical density anomaly is allowed to change radially to simulate the effect of the bulk modulus anomaly [Tan and Gurnis, 2005] . The mantle is treated as an anelastic, compressible, viscous spherical shell under the Truncated Anelastic Liquid Approximation [Ita and King, 1994] . The (nondimensional) governing equations are:
Methods
where r r = r r (r) is density; u = (u , u ' , u r ) is the velocity vector; P is dynamic pressure; is deviatoric stress tensor; C is the concentration (between 0 to 1) of the anomalous material; Dr ch = Dr ch (r) is chemical density anomaly; a 0 is reference coefficient of thermal expansion (dimensional); DT is total temperature contrast (dimensional); a = a(r) is the coefficient of thermal expansion; T is temperature; g is gravity; Ra is thermal Rayleigh number; e r is the radial unit vector; C P is heat capacity at constant pressure; t is time; k T is thermal conductivity; Di is dissipation number; T s is surface temperature; " is strain rate tensor; H is internal heating.
[8] The constitutive relationship is: where h is the viscosity, and I is the identity tensor.
The thermal Rayleigh number is defined as Ra = r 0 g 0 a 0 DTh 3 / 0 h 0 , where r 0 is reference density; g 0 is reference gravity; h is the radius of the Earth; 0 is reference thermal diffusivity; h 0 is reference viscosity. The dissipation number is defined as Di = a 0 g 0 h/C P0 , where C P0 is reference heat capacity at constant pressure. The values of various parameters are listed in Table 1 . The numerical algorithm for solving the equations is presented in Appendix A. The Stokes solver is benchmarked with semianalytical solution in Appendix B.
[9] The mantle is divided into 12 blocks. Each block is further subdivided into 64 3 elements, such that there are 3.15 million elements in total. The lateral grid spacing is about 0.5°. The radial grid spacing is 50 km at midmantle and gradually refined to 32 km near the top and bottom boundary. The grid has a nondimensional outer radius 1.0 and inner radius, r inner , 0.546. The top and bottom boundaries are free slip and isothermal, with T = 0 and 1, respectively. The total angular momentum of the whole mantle is removed at every time step to prevent net rotation .
[10] The coefficient of thermal expansion decreases by a factor of 5 from surface to CMB [e.g., Davies, 1999, Table 7 .3] and is parameterized by the equation
Although the coefficient of thermal expansion changes only gently in the lowermost mantle, this profile destabilizes the chemical structures significantly.
[11] The initial temperature is uniformly 0.5 everywhere with a hot thermal boundary layer at the bottom. The density profile, r 1 , of the ambient material and the hydrostatic pressure profile, P H , are computed by integrating the nondimensional self-compression equation:
where g is the Gruneisen parameter g = a 0 K S0 /r 0 C P0 and K S0 is the reference bulk modulus. Equation (6) is essentially the Adams-Williamson equation of state. Profiles of a, r 1 , and P H are shown in Figure 2a . Tracers are used to simulate different compositions [McNamara and Zhong, 2004] . More than 62.9 million tracers are randomly generated to fill the mantle. Tracers initially below r = 0.63 are considered anomalous with a different equation of state and a density profile r 2 , which results in an initially flat dense layer at the base of the mantle.
The anomalous material has a bulk modulus anomaly DK s and a density anomaly Dr CMB at the CMB. The associated density profile is:
The chemical density anomaly, Dr ch = r 1 − r 2 , is the density difference between the two materials and varies with depth or pressure.
[12] The viscosity is temperature and depth dependent following the equation
where h(r) determines four viscous layers: a highviscosity lithosphere, a low-viscosity asthenosphere, a moderately high viscosity transition zone, and a high-viscosity lower mantle (Table 2 ). E is nondimensional activation energy with a value of 6.9, which leads to viscosity variations of 10 3 due to temperature change in the mantle. T ref is a reference temperature and is set to 0.5. The combination of low-viscosity asthenosphere and high-viscosity lithosphere and lower mantle will promote longwavelength convection structures [Zhong et al., 2007; Höink and Lenardic, 2008] . The viscosity has a maximum and a minimum cutoff of 10 2 and 10 −2 , respectively. The gravity, heat capacity, and thermal diffusivity are assumed constant. Note that the Rayleigh number, dissipation number and Gruneisen parameter appear to be larger than values used in 3.058 × 10 11 GPa the literature (around 10 8 , 0.5 and 1.0, respectively) because here they are nondimensionalized by the radius of the Earth, instead of by the thickness of the mantle, and the values of several parameters are taken from their values at the surface, instead of volume-averaged values. Nondimensionalizing by the radius of the Earth makes equations (2), (3), (6), and (7) very similar to the corresponding equations in Cartesian geometry.
Results
[13] To find models with stable chemical structures, we compute five models while varying Dr CMB with DK s = 0.06, and one model with internal heating (Table 3) . Profiles of Dr ch of all models are shown in Figure 2b . Note that all Dr ch profiles have positive slope, which is crucial to maintain the steep edges of chemical structures. All these models have Ra of 1.376 × 10 9 ( [14] We will describe case A2 (Dr CMB = 0.015 and DK s = 0.06) in more detail. This case has an average nondimensional root-mean-square (RMS) convective velocity of 2001 (equivalent to 0.98 cm/yr) and an average nondimensional surface heat flow 4p × 20.1 (equivalent to 36.9 TW) at ∼3 Gyr of model time, such that its convective vigor is overall consistent with that for the Earth's mantle. The RMS velocity may be slightly lower than that of Earth, and hence the model time may be slightly longer than real time. However, the deviation should be small. The chemical anomaly in this case forms stable chemical structures that survive for about 4 Gyr of model time.
[15] The temperature field at 2965 Myr is shown in Figures 3a and 3b . Three largely isolated chemical domes with high temperature are in the lowermost mantle. Areas not occupied by chemical domes are (Figure 3c ). The positive buoyancy lifts the anomalous material high up in the mantle and keeps the edges at high angle. Due to the positive slope of Dr ch profile, the chemical density anomaly gets larger with higher r. At r = 0.7, the chemical anomaly dominants over the thermal anomaly, and the chemical dome is stabilized at this height. Several plumes are visible in Figure 3b , e.g., at −40°, 85°, 100°, and 160°long-itudes. The plume at 85°longitude originates from the CMB and is warmer than the plume at 100°, which originates from the top of a dome. We find that plumes of different origins have different temperature in all cases.
[16] Comparing cases A2, A3, A4, and A5, we found that the shape of chemical structures systematically changes as Dr CMB increases (Figure 4) . The edges of the chemical structures become less steep, and the elevation of the chemical structures become lower, as Dr CMB increases. The cross sections of the chemical structures change from steepsloped domes (case A2, Figure 3b) , to domes where the slope is gentle at the CMB but becomes steeper with height (case A4, Figure 4a) , and finally to ridge-like structures with gentle slopes throughout the edges (case A5, Figure 4b ). The average temperature inside the chemical structures increases to compensate the chemical buoyancy.
[17] We plotted the location of plumes (defined as thermal anomaly larger than a threshold temperature) at 1000 km depth and the location of chemical domes at 2800 km depth for case A2 ( Figure 5 ). Plumes are defined by two temperature thresholds: general plumes (blue contours) with T > 0.5 and strong plumes (green contours) with T > 0.55. Most strong plumes are connected directly to the CMB. We examined each strong plume individually. Strong plumes either rise as distinct conduits (like the plume at 85°longitude in Figure 3b ) or rise along the edge of domes (not shown in this cross section, but a similar plume can be found in Figure 4a on the right side of the dome). When plotted in a map view, only weak plumes (i.e., 0.55 > T > 0.5) are on top of the chemical domes (defined as: inside the C = 0.5 contours in a map view, but more than 5°away from the contours).
[18] The steepness of edges strongly affects the location of plumes. We measured the distance of strong plumes to the edges of chemical structures.
To be consistent with seismic observations, the measurement is taken when the chemical structures cover ∼20% of CMB. The criteria of strong plumes are adjusted to keep the number of plumes similar to case A2. The results are summarized in Table 4 . The clustering of strong plumes around edges is common in all cases. The edges and ±5°surround-ings cover only 5% to 11% of CMB. However, we found that about 43% to 48% of strong plumes are within 5°distance to the edges, and none or few strong plumes are on top of the domes. Cases with larger Dr CMB have more strong plumes on top of the chemical structures.
[19] Case A2H is similar to case A2, but the anomalous material is assumed to be enriched in radiogenic elements. The internal heating rate is proportional to C, the concentration of anomalous material. The chemical structures still have domelike shapes and steep edges. The additional internal heating raises the internal temperature of chemical domes slightly and increases the abundance of plumes near the edges of chemical domes. The average heat flow is increased to 4p × 21.3, ∼10% of which comes from internal heating. We found that 67% of strong plumes are within 5°distance to the edges of domes, with only one of them on top of domes.
[20] We then investigated the lateral movement of chemical domes. The amount of lateral movement in the models is difficult to quantify. We could only describe it qualitatively. All cases with stable chemical domes (cases A2, A2H, A3, A4) share similar characteristics. We will use case A2 as an example. The composition field of case A2 at 2400 km depth of 4 different time steps, with an interval ∼200 Myr, 
Discussions
[21] The steep edges of chemical domes in our models are distinctive from gentle edges of ridgelike chemical structures in other models. Using a material with higher bulk modulus than ambient mantle is crucial in generating stable, steep-edged, high-elevation chemical structures [Tan and Gurnis, 2007] . Seismic waveform studies have found steep edges in several parts of LLSVPs [Ni et al., 2002; To et al., 2005; Wang and Wen, 2007; He and Wen, 2009] . The high elevation of LLSVPs suggests that they are nearly neutrally buoyant. We suggest that the LLSVPs are made of high bulk modulus material, which is implied by their observed positive anomaly in bulk sound velocity, and we do find that the dynamical consequence (i.e., the steep edges and high elevation) of high bulk modulus is consistent with the seismic observations of LLSVPs.
[22] We found a spatial correlation between the location of strong plumes and the edges of chemical domes. In our models, about half of strong plumes are around the edges of domes. We attribute the correlation to two features: (1) The area of slabs is generally devoid of plumes and (2) ]. In our models, the CMB is mostly covered by chemical domes and slab remnants. Absent from slab regions, plumes are more likely to be found around the edges and on top of chemical domes. Feature 2 deserves more discussion. We found that plumes above the chemical domes have their root on top of chemical domes and drain heat from the domes, which have lower temperature than the CMB. Hence, these plumes have lower temperature than plumes rooted on the CMB. These weak plumes are more easily deflected by large-scale mantle flow, more likely blocked by the 660 km discontinuity, and less likely to reach the surface and produce hot spots. An example of one such weak plume atop the African LLSVP that has not penetrated to the surface has been imaged recently [Sun et al., 2010] . When internal heating due to enriched material is incorporated, we found that even higher percentages (67%) of strong plumes are near the edges of chemical domes, due to more heat available from the domes. Many geochemical arguments suggest that there is a hidden geochemical reservoir enriched with radiogenic elements in the deep mantle [Allègre et al., 1996; Hofmann, 1997] , and LLSVPs are the primary candidate of such a reservoir. Combining these arguments, we suggest that the locations of surface hot spots, when projected downward, are more likely to be near the edges of, rather than on top of, LLSVPs. A similar study by Steinberger and Torsvik [2011] , which use the plate reconstruction since 300 Myr ago as the surface boundary condition, found that plumes are pushed by subducted slabs toward the edges of LLSVPs. [23] The anticorrelation of the locations of chemical structures and subduction zones in models has been long known [e.g., Gurnis, 1986; McNamara and Zhong, 2005] . The chemical domes are constantly being pushed away by subducted slabs. When subduction geometry is stable, the slab push forces exerted on a dome might balance each other, and the dome could remain stationary. When the geometry of subduction zones changes, the slab push forces change, and a dome would adjust its location accordingly. Given the frequency of subduction initiation and termination in our model and that inferred from the geological record [Gurnis et al., 2004] , we found that maintaining the spatial stability of the LLSVPs at the CMB for hundreds of million years is challenging in the Earth's mantle with time-dependent subduction.
For example, Zhang et al. [2010] found that the African LLSVP may not be at its current location during the Pangea in their thermochemical convection models that consider the convergence and subduction between Laurussia and Gondwana before Pangea formation in the African hemisphere.
[24] Our result does not necessarily conflict with the correlations of seismic structures and reconstructed LIPs [Burke and Torsvik, 2004] and Kimberlites of [Torsvik et al., 2010] . LIPs and Kimberlite eruptions are rare events. The reconstructed eruption sites are sparse in time and space, particularly before 200 Myr. For example, there is no LIP preserved near the western edge of the Pacific LLSVP. One cannot rule out large lateral movement for the western edge of the Pacific LLSVP during the past 200 Myr. On the other hand, we do find that in regions distal from subduction zones, portions of the chemical domes could be stationary for a few hundred million years.
[25] In summary, we will use a diagram to illustrate possible interactions between LLSVPs, plumes, and slabs ( Figure 7 ). Plumes are pushed away from downwelling regions and toward LLSVPs by slabs. A large percentage of plumes will be around the edges of LLSVPs and rise along the steep edges of LLSVPs. Some weaker plumes rooted on top of LLSVPs may not rise to the surface. When LLSVPs are nearby subducted slabs, they would be pushed aside.
Conclusions
[26] Assuming different bulk modulus, density, and equation of states for the chemically distinct materials above the CMB, we investigated the relation of the dense chemical structures with subducted slabs and plumes. We presented models of stable dome-like chemical structures with reasonable values of bulk modulus and density anomalies. These chemical domes have steep edges. We found that most plumes occur near the edges of the domes, while that few plumes occur on top of the domes or distal from the domes. The plumes near the edges of domes also have higher temperature than those on top of domes. We found that the location of subduction controls the direction and speed of dome movement. Domes tend to move away from subduction zones. The domes could remain relatively stationary when distant from subduction, but would migrate rapidly when new subduction zone initiated above. Our studies suggest that maintaining the spatial stability of the LLSVPs at the CMB for hundreds of million years is a challenge in the Earth's mantle with time-dependent and dynamic subduction.
Appendix A: Numerical Algorithms
[27] The discretization for compressible Stokes equations is based on the method of Zhong et al. [2000, Appendix A] . The continuity equation (1) can be rearranged as
[28] After discretization, the continuity equation (A1) and momentum equation (2) become:
where u is the velocity; p the dynamic pressure; G is the gradient operator, whose transpose G T is the divergence operator; B is a constant matrix due to the second term in equation (A1); K is the stiffness matrix; f is the force vector.
[29] For the incompressible cases, B is zero. Equation (A3) can be transformed by premultiplying
, and the velocity unknowns are eliminated by equation (A2):
The matrix G T K −1 G on the left hand side is symmetric. This equation is solved with the Conjugate Gradient, cg, scheme [Ramage and Wathen, 1994] . [30] For the compressible cases, there are two different methods to solve equations (A2) and (A3). In the first method, iter-cg, another layer of iterations is added when solving equation (A4). The righthand side vector is updated by the velocity solution of the previous iteration. This equation can be solved with the same Conjugate Gradient scheme [Leng and Zhong, 2008] as the incompressible case:
In the second method, bicg, equation ( . The resultant equations become:
The matrix (
G on the left hand side is no longer symmetric. This equation can be solved with the Bi-Conjugate Gradient Stabilized scheme [ Tan and Gurnis, 2007] . Both iter-cg and bicg methods are benchmarked against semianalytical solution in Appendix B and give similar results up to the solver accuracy.
[31] The energy equation is solved using Streamline Upwind Petrov-Galerkin method [Brooks and Hughes, 1982] . The composition is tracked by the tracer ratio method [Tackley and King, 2003] with the tracer advection routine of McNamara and Zhong [2004] . 
where a = −rDi/g and L = l(l + 1).
[33] For compressible fluid, the matrix A l and vector b l are dependent on r, we therefore cannot get the exact analytical solution from equation (B5) as the propagator matrix method in Hager and O'Connell [1979] However, we can still obtain semianalytical solutions by dividing the mantle into many layers and approximating that r is uniform within each layer, which leads to uniform A l and b l within each layer. We found that dividing the mantle into 101 uniform layers and expanding the propagator matrix to the 20th order of Taylor expansion are good enough to give accurate solution. We solved for the vertical stresses and horizontal velocities at surface and CMB given free-slip boundary conditions.
[34] The temperature perturbation is a delta function at mid mantle r = 0.775. The outer and inner radii of the domain are 1.0 and 0.55, respectively. The Rayleigh number is set to 1.0. These values are chosen to be the same as those used by Zhong et al.
[2000, Table 1 ]. The viscosity structure has two layers. The lower layer (r < 0.8931) always has a viscosity 1.0. The upper layer has a viscosity h 1 (Table B1) . We use 32 elements uniformly distributed in the radial direction in CitcomS. The upper layer spans five elements. The benchmark results are given in Table B1 . It should be pointed out that the results of incompressible cases (Di/g = 0) are the same as those given by .
